The importance of bridge health monitoring and management has been recognized by authorities of long-span bridges throughout the world in recent years. The GeoSHM consortium, led by the University of Nottingham, was awarded a Feasibility Study (FS) grant in 2013 by the European Space Agency (ESA) to investigate how to use integrated GNSS and Earth Observation technologies for the structural health monitoring of large bridges. During the GeoSHM FS period a small monitoring system was installed on the Forth Road Bridge in Scotland and the consortium have gathered huge data sets and rich experience regarding the design and implementation of GeoSHM according to essential user needs. This paper, based on the data from GNSS receivers installed on the two middle span sites and top of the southern tower of the Forth Road Bridge, intends to reveal the dynamic characteristics of the bridge. By using a moving average filter, Fast Fourier Transformation (FFT) and the peak-picking approach, the threedimensional (3D) displacement time series under ambient excitation were decomposed into long-period movement and dynamic vibration response. The results demonstrate that the movement of the Forth Road Bridge in lateral direction is mainly caused by wind loading, and the correlation is about 0.7. In vertical direction, the displacements of middle span sites under the normal traffic loadings can reach 0.3 m and because of the main cable linking the middle span and top of the tower, the longitudinal movement of the southern tower top site has a high correlation with the vertical displacements of middle span sites. It has been found that due to the stiffness of the tower the trend terms inside lateral and vertical time series mainly consist of multipath effect and quasi-static displacement. The dynamic vibration frequencies and corresponding motion amplitudes were also extracted. It is found that the first natural frequencies of the middle span of the Forth Road Bridge are 0.065 Hz, 0.15 Hz and 0.104 Hz for lateral, longitudinal and vertical directions, respectively. For the south tower, vibration frequencies of 0.18 Hz can be seen in all three directions, but 0.104 Hz is only visible in longitudinal component because of the cables linking the tower and middle span. It demonstrates that with a proper data mining approach both the low frequency responses and dynamic vibration characteristics of a large bridge under ambient loadings can be extracted from GNSS data sets. Thus, GeoSHM can be used by bridge owners as an effective tool to assess the operational conditions of the bridge.
Introduction
Global Navigation Satellite Systems (GNSS), especially Global Positioning System (GPS) technology has been employed to monitor large bridge deformation for more than 20 years (Meng 2002) . Compared with traditional techniques, GNSS can provide continuous, automated, all-weather and highly accurate measurements while it is difficult for other sensors such as an accelerometer to detect both the static and dynamic deformations of the structure Meng et al. 2006; Li et al. 2006; Yi et al. 2013; Yu et al. 2016) . GNSS techniques can be used effectively to monitor long suspension/ cable-stayed and medium bridges (Xu et al. 2002; Watson et al. 2007; Roberts et al., 2012; Yu et al. 2014) . Many technical issues have also been addressed, such as the impact of GPS satellite and pseudolite geometry on structure deformation monitoring , dynamic multipath in structural health monitoring of bridges (Moschas and Stiros, 2014) , bridge monitoring with high frequency GPS , and using RTK-GPS to measure wind-induced response (Tamura et al. 2002) , etc. However, there are obvious disadvantages of using GNSS to monitor bridge deformation. For example, the low sampling rate and high level of observation noise make it impossible to detect relatively high vibration bridge frequencies (Meng 2002; Meng et al. 2007; Breuer et al. 2015; Górski, 2017) . Thus, many researches have made to use an integrated monitoring system with dual frequency GNSS receivers and accelerometers to detect the dynamics information which can significantly improve the overall system performance (Roberts et al., 2001; Yu et al. 2014; Meng et al. 2014) . Meng et al. (2014) presented an optimal GPS/accelerometer integration algorithm for monitoring the vertical structural dynamics. Moschas and Stiros (2011) also achieved the dynamic displacements and modal frequencies of a short-span pedestrian bridge using GPS and an/the accelerometer. Xiong et al. (2017) proposed an AFEC mixed filtering algorithm to eliminate the multipath errors and random noise from GNSS and accelerometer data.
GNSS receivers and accelerometers, nevertheless, can only determine the bridge responding information. Enough data on loading and responding should also be collected if we want to correctly assess the health of bridge (Sumitoro et al., 2011; Erdoğan and Gülal, 2009; Meng et al. 2016) . Thus, an integral management system with different sensors to measure (mainly GNSS, interferometric SAR, accelerometer) and quantify the induced excitation (wind, traffic and even earthquakes etc.) and its corresponding response, is important and needs to be carefully designed. The GeoSHM (GNSS and Earth Observation for Structural Health Monitoring of Bridges) project supported by the European Space Agency is a system that uses integrated GNSS and Earth Observation technologies for structural health monitoring of large bridges -and in its feasibility study the consortium used the Forth Road Bridge in Scotland as its testbed bridge. In the FS stage from August 2013 to March 2015, we installed a small footprint sensor system on the bridge ). In the demonstration Fig. 3 The GNSS receiver distribution and the defined bridge coordinate system stage from March 2016 to Mach 2018, we are focusing on addressing the major drawbacks of the GeoSHM FS Project and developing a smart data strategy to fully reflect the end user needs.
In this paper, we will use the GNSS receivers installed on the middle span and top of the tower of the Forth Road Bridge in the GeoSHM project to investigate the dynamic characteristics of the bridge. Based on FFT and the peak-picking approach, the displacements time series under ambient excitation were decomposed into longperiod movement and dynamic vibration response, and the mechanism of the movement and the natural frequencies were also analysed.
Forth road bridge and GeoSHM
The Forth Road Bridge crosses the Firth of Forth and links the north of Scotland with Edinburgh and the south of the A90 road. The bridge length is 2.5 km and the main span length is 1006 m. It opened in 1964 and the traffic volume has already surpassed 24 million vehicles per annum, around 11 times of the traffic volume in 1965. Fig 1 is the picture of the Forth Road Bridge.
The main aim of the GeoSHM is to use different kinds of sensors to measure (mainly GNSS, interferometric SAR, accelerometer) and quantify the induced excitation (wind, traffic and even earthquakes etc.) and its corresponding response, and make comparisons with theoretically designed thresholds or models of the structure for the evaluation of the health condition of bridges . Figure 2 shows the overall structure of GeoSHM that consists of a sensor network, a data transmission module and sub-systems for data processing and visualisation. The sensor system consists of: one reference GNSS station set on the top of the office building of the Forth Road Bridge, three monitoring GNSS stations with two sets on each side of the middle span and one set on the west side of southern tower, and two ultrasonic anemometers with one on the west side of middle span and the other close to southern tower site. Figure 3 shows the distribution of the sensors and Fig. 4 gives the GNSS antennas and the anemometers located at the middle span and top of the tower. More details about monitoring stations can be seen in Table 1 . Automated data acquisition is carried out by these sensors and the acquired real-time data are sent, via the optic fibre network laid underneath the bridge, to a local hub before they are streamed to the data processing centre set up at the University of Nottingham via public Internet. The received raw data sets are processed in real time or a post-processing manner.
Methods

GPS data processing
As previously mentioned, the GNSS data collected can be processed in real-time and post-processing manner modes. In this paper, Real-Time Kinematic (RTK) mode was applied to obtain displacement time series of monitoring stations (Elnabwy et al. 2013 ).
Since the short baselines are used (Table 1) in GNSS data processing, the satellite-dependent terms, such as satellite clock offsets, and carrier phase fractional biases, the distance-dependent terms, such as tropospheric and ionospheric delay, and satellite orbit errors could be neglected in double-difference (Breuer et al. 2015; Górski, 2017) . Thus, there are only coordinate parameters and double-difference ambiguity parameters left in the parameter list to be estimated. For the purpose of fast ambiguity fixing, dual-frequency phase observations are used. The unknown parameters are estimated by a Kalman filter, and the coordinate parameters with float ambiguities can be obtained. Then the LAMBDA method will be applied to obtain the ambiguity fixed resolutions. During the data processing, the broadcast ephemeris was used to calculate the orbit of satellites. The elevation cutoff angle was set to 10°, and the elevation related stochastic model was used for weighting the random observation errors.
The outputs of the GNSS software were instantaneous Cartesian coordinates of monitoring stations in the WGS84 coordinate system (X, Y, Z) and the baseline components (N, E, U) formed from each monitoring station to the reference station SHM1. However, a local Bridge Coordinate System (BCS) (X B , Y B , Z B ) should be defined for analysis purpose ). X B axis was formed by SHM2 and SHM4 and points to the longitudinal direction of the bridge as shown in Fig. 3 . Then, Y B and Z B are correspond to the lateral and height directions. Coordinates in BCS can be obtained by transforming from WGS84 with 2D similarity transformation (Eq. (1)). The azimuth of the bridge is defined α.
In terms of displacement time series, the mean values can be removed by Eq. (2) to limit the displacements in all components around zero.
where (dX Bi , dY Bi , dZ Bi ) are the displacements over every recording interval, n represents the total number of the observation epochs, and (i = 1, 2, …, n).
Frequency domain decomposition with peak-picking approach
In general, displacement time series in the ith direction δ i (t) of a structure in time t can be expressed as follows (Hristopulos et al. 2007; Erdoğan and Gülal, 2009 ):
where m i (t) is the long-period component or low frequency response of the time series, d i (t) is the dynamic vibration component, and n i (t) is random noise from various sources. Then, a filtering procedure is applied to the series so as to partially eliminate the effect of noise in the series and to analyse the mechanism of the low frequency trend and demonstrate the periodic components. In this paper, a simple moving average filter with a step of approximately 4 s ( After the long-period component analysis, the dynamic vibration response d i (t) should be extracted by a proper digital filter. In this paper, a peak-picking approach for extracting structural vibration frequencies and corresponding amplitudes proposed by Meng et al. (2007) was used. This approach consists of a FFT algorithm for precisely detecting local dominant frequencies and a Chebyshev type I digital bandpass filter for identifying specific frequencies and the corresponding vibration amplitude of the frequencies (Meng et al. 2007) .
Results
This section demonstrates the long-period response of the bridge and the detection frequencies from ambient vibration, and corresponding amplitude, using the above-mentioned peak-picking approach.
Monitoring results and preliminary analysis
In this paper, the data from July 25th 2017 were selected to do the displacement analysis. By taking the high sampling rate of GNSS data into consideration, the results from 16:00 to 17:00 are shown in the following.
Figures 5 and 6 plot the time series of the station displacements at the middle span and top of the tower. As it is shown, vibrations happened obviously in all three directions. The changeable ranges in the longitudinal (X B ) and height (Z B ) direction were within 5 cm and 30 cm, respectively. The displacements in the lateral (Y B ) direction were smaller in the amplitude of about 8 cm. However, a rising trend can be obviously seen. It may be a result of the wind loading.
As for SHM4, at the top of the tower, only the longitudinal (X B ) direction shows a high amplitude displacement with about 6 cm. In the lateral (Y B ) and height (Z B ) directions, the quasi-static displacements and high frequency noise can be observed. It also should be noticed that the amplitude between 16:30 and 16:40 becomes higher.
The displacements shown in Figs 5 and 6 were analysed by the FFT (Figs 7, 8 and 9 ). From Figs. 7, 8 and 9, the local dominant frequencies can be identified and extracted, which are listed in Table 2 . From the table, we can see that SHM2 and SHM3 shared the same dominant frequencies in all directions. That is because they are just located at both sides of the middle span. SHM4 had one dominant frequency (0.18 Hz), in three directions, different from those of middle span, which is the natural frequency for the tower. The other two frequencies can also be found in the middle span, which will be explained in section 4.2.
Low frequency response and dynamic vibration analysis
In this section, the displacement time series were decomposed into low frequency response (Long-period component: including quasi-static displacement and background noise) and dynamic vibration signal (Short-period component: contains the dynamic displacement of the oscillation signal plus multipath noise). The long-period component Figure 10a shows the long-period component of the displacement at middle span in lateral (Y B ) direction. It can be seen that the time series of two monitoring sites match well with each other. That means the middle span moves as a whole body under the loads. Figure 10b gives the wind speed in the same session. To better understand the relationship between displacements and wind loadings, the correlation coefficient between them was calculated by Eq. (4)
where n is the length of the time series,(i = 1,2,…,n), and x; y are the mean value of time series x,y. We can see that the correlation coefficient between the two displacement time series and wind series are − 0.72 and − 0.714, which means the movements of the middle span have a high correlation with the wind. During this hour, the wind direction was against the Y coordinate axis, so they have a negative correlation. According to the analysis above, we know that, in lateral (Y B ) component, the movement of the middle span is mainly caused by the wind loads, which accords with other researchers' results (Wang et al., 2016) . According to Meng et al. (2007) , the structural mode parameters such as natural frequencies and mode shapes can be extracted from responding measurements under ambient excitation loadings due to their convenience and cost-effectiveness. Figure 11 Page 11 of 15 the middle span. As Górski (2017) mentioned, the frequency of GNSS time series under 0.05 Hz is mainly trend signal and low frequency background noise. From previous FFT analysis, the dominant frequencies are all over 0.05 Hz and limited to 1.1 Hz. In this case, the time series in lateral (Y B ) direction of the middle span were filtered using the eight-order Type 1 Chebyshev high-pass digital filter with pass-band 0.05 Hz and stop-band 1.1 Hz, which is shown in Fig. 11a -e, show the local frequencies series extracted using a very narrow pass band filter around the dominant frequencies in Table 2 . The figure only gives the series when there is the maximum amplitude. As it is shown, the amplitude of first natural frequency under ambient loads is significantly larger than other frequencies. The amplitude of second and third natural frequencies due to wind is at about 1 mm level and the forth is less than 1 mm. That means the first natural frequency is the absolute dominant frequency in the dynamic vibration signal and it should be paid more attention in the SHM.
In the height (Z B ) component of the middle span, traffic loads are the main factors responsible for the displacements (Wang et al., 2016) . At the middle span, the displacement in the height direction can reach to 30 cm. Figure 12a gives the long-period component of the displacement time series. The same as lateral (Y B ) direction, the time series for the two stations agree with each other. Because the main cable links the middle span and top of the tower, the displacements in longitudinal (X B ) direction of the tower are shown in Fig. 12b . Based on Eq. (4), the correlation coefficients between the time series of the middle span in Fig. 12a and of the top of the tower were calculated. We can see that the correlation coefficients are − 0.701 and − 0.689, which demonstrates the high correlation between the middle span and the tower. Figure 13 shows the dynamic vibration response of the middle span in the height (Z B ) component (Fig. 13a) and the time series of dominant frequencies (Fig. 13b-d) . Figure 14 illustrates the longitudinal (X B ) deflections. The changeable range is from 2 cm to 4 cm in the longperiod component. The dynamic response is within 5 mm, and the dominant frequency is 0.15 Hz. From the correlation coefficients between the displacement and wind data, the movement of the middle span is almost not dependent on the wind. Due to the stiffness of the bridge, and significantly coupled with that in the height (Z B ) direction, the movement characteristic in the longitudinal (X B ) component is complicated and like a pendulum, which needs more analysis in the future.
As for the tower, the low frequency term in the longitudinal (X B ) has been analysed previously. Due to the stiffness of the tower, for the lateral and height components in Fig. 6 , there is no obvious excitation response in the time series. The trend term is mainly because of multipath effect, which can be eliminated by the sidereal filter. The dynamic vibration signals for the three components are shown in Fig. 15 . It can be seen that some dynamic responses in the longitudinal (X B ) component can still be noticed. For the lateral (Y B ) and height (Z B ) component, before 16:30, the time series almost demonstrates the white noise characteristics. However, around 16:32, the amplitudes increase significantly.
From Fig. 16d , the amplitude is increasing at the same moment. There are two factors can cause this: the excitations from wind, traffic or other loads and the measurement noise. After checking the wind data in this period, the wind speed and direction did not change and the big excitation from traffic loads is not at this period. Then, we improved the cut-off elevation from 10°to 15°i n the GNSS data processing. The same dominant a b c d Fig. 17 The dominant frequency signals extracted from displacement of top of the towers. The cutoff elevation is 15°in GPS data processing frequencies time series in all three directions are shown in Fig. 17 . At the beginning epochs, one or two minutes are needed to fix the ambiguities with the cut-off elevation of 15°. The large amplitude is caused by the float ambiguity resolutions. Except for the beginning time series, we can find that the high amplitude signal between 16:30 and 16:40 is missing in Fig. 17c, d . Then, we checked the satellite number variation during this period. At about 16:31:50, the elevation of G17 was exceeding 10°and began to be used in positioning. As is commonly known, the low elevation signal can easily be contaminated by multipath effect and residual atmospheric delay to contain high-level noise (Amiri-Simkooei and Tiberius, 2007) . Therefore, the high-level noise can propagate into the amplitude of vibration frequencies.
Compared Fig. 16a , b with Fig. 17a , b, the excitation moment and amplitude are almost invariant. That means only the natural frequency of the tower was effected by the noise in GNSS measurements. Therefore, more analysis should be done to figure out the effect of noise for dynamic response signal in SHM. However, these issues are beyond the scope of this study.
Conclusions
Structure health monitoring and assessment for large bridges and infrastructures are very important for the lifesafety and current or future performance of these systems. The GeoSHM system, conducted by the University of Nottingham, intends to develop and demonstrate a novel system to tackle the issues in structural deformation monitoring of long bridges and make it possible for the bridge masters to fully understand the loading and response effect of the bridge, and identify unusual deformations under extreme weather conditions. Based on the reference monitoring system on the Forth Road Bridge, the paper used the GNSS measurements and corresponding loading data to analyse the dynamic characteristic of the bridge.
To support data analysis, a moving average filter was employed to extract the low frequency of the ambient loading response. The results demonstrate that, the movement of Forth Road Bridge in the lateral (Y B ) component is mainly dependent on the wind, and it has a high correlation with the wind loadings at around 0.7. In the height (Z B ) component, the displacement of middle span under the traffic loadings can reach up to 0.3 m and because of the main cable linking the middle span and top of the tower, the movement time series of the top of the tower in the longitudinal (X B ) direction has a high correlation coefficient with the displacement of the middle span. The displacement can achieve up to 6 cm. In the lateral (Y B ) and height (Z B ) component, due to the stiffness of the tower, the trend term mainly contains multipath effect and possibly the quasi-static displacement.
Then, by FFT algorithm and bandpass filter, the dynamic vibration frequencies and corresponding motion amplitude were extracted from the Forth Road Bridge under ambient excitation loadings. It is found that the first natural frequencies of the middle span of Forth Road Bridge are 0.065 Hz, 0.15 Hz and 0.104 Hz for lateral (Y B ), longitudinal (X B ) and height (Z B ) components respectively. For the south tower, 0.18 Hz can be shown in all three directions, and 0.104 Hz are shown in the longitudinal (X B ) component because of the cables between the tower and middle span. The natural frequency of the longitudinal (X B ) direction of the bridge 0.15 Hz can also be shown in the time series.
From the analysis of this paper, we know that the low frequency response of bridges and dynamic vibration characteristics under ambient loadings can be reflected and extracted by GNSS technology. The monitoring information provided by GNSS is highly meaningful for bridge masters in that they can use these data sources for the decision making of opening or closure and maintenance or repair of the bridge. However, there are still some critical problems to be addressed. For instance, the noisy GNSS measurements increase the amplitudes of vibration frequencies and the second and higher natural frequencies with small dynamic displacements cannot be detected.
In these cases, multi-constellation GNSS systems and integration with other sensors to collect loading and responding data with a high reliability, will be the key for the success of the GeoSHM system. The GeoSHM team includes a variety of experts for geomatics, civil engineering, computer science, communications, etc. With the increase in new large bridges being built in developing countries, especially in China, and some bridges in the developed countries having been in service for more than 50 years, the GeoSHM system becomes more and more important in making sure that large bridges and infrastructures are operating safely.
